Glucocorticoids play an important biphasic role in modulating neural plasticity; low doses enhance neural plasticity and spatial memory behavior, whereas chronic, higher doses produce inhibition. We found that 3 independent measures of mitochondrial functionmitochondrial oxidation, membrane potential, and mitochondrial calcium holding capacity-were regulated by long-term corticosterone (CORT) treatment in an inverted ''U''-shape. This regulation of mitochondrial function by CORT correlated with neuroprotection; that is, treatment with low doses of CORT had a neuroprotective effect, whereas treatment with high doses of CORT enhanced kainic acid (KA)-induced toxicity of cortical neurons. We then undertook experiments to elucidate the mechanisms underlying these biphasic effects and found that glucocorticoid receptors (GRs) formed a complex with the anti-apoptotic protein Bcl-2 in response to CORT treatment and translocated with Bcl-2 into mitochondria after acute treatment with low or high doses of CORT in primary cortical neurons. However, after 3 days of treatment, high, but not low, doses of CORT resulted in decreased GR and Bcl-2 levels in mitochondria. As with the in vitro studies, Bcl-2 levels in the mitochondria of the prefrontal cortex were significantly decreased, along with GR levels, after long-term treatment with high-dose CORT in vivo. These findings have the potential to contribute to a more complete understanding of the mechanisms by which glucocorticoids and chronic stress regulate cellular plasticity and resilience and to inform the future development of improved therapeutics.
G
lucocorticoids, the adrenal steroid hormones secreted during stress, are necessary for survival of the organism. However, sustained elevations of glucocorticoids (such as those seen during chronic stress) are associated with numerous deleterious effects, including on neuronal survival (1) . Accumulating data have shown an inverted ''U''-shaped relationship between corticosterone (CORT) levels and performance on behavioral tasks such as spatial learning and memory (2) and passive avoidance tasks (3) . In addition, long-term potentiation and primed burst potentiation also demonstrate an inverted ''U''-shaped relationship with CORT levels (4) . Furthermore, considerable data have shown that low doses of glucocorticoids have trophic actions on neuronal branching and survival (5) , whereas higher doses are detrimental to neuronal survival (6) . The role of these hormones in mediating both the protective, as well as the potentially damaging, effects of stress has led to the introduction of the terms ''allostasis'' (the process of maintaining homeostasis by active means) and ''allostatic load'' (the deleterious consequences of sustained allostasis) (7) .
However, the precise cellular mechanisms underlying glucocorticoids' intriguing biphasic effects have not been fully elucidated. Some data suggest that-at least in the hippocampus-these effects are mediated by distinct intracellular receptor subtypes: the glucocorticoid receptor (GR) and the mineralocorticoid receptor (MR). The GR has a lower affinity for endogenous glucocorticoids and is therefore believed to be more important in the response to, and regulation of, the stress response when endogenous levels of glucocorticoids are high; in contrast, MRs are activated at lower glucocorticoid concentrations (8) . However, it is unclear if this postulated mechanism fully explains the biphasic effects of glucocorticoids, particularly in areas outside the hippocampus, such as the frontal cortex.
It is notable that in addition to their well-characterized nuclear translocation in many cell lines, recent reports indicate that GRs also translocate to the mitochondria (9) . Mitochondria have the well-known function of energy production through the Krebs tricarboxylic-acid cycle and oxidative phosphorylation (10) . However, it is now clear that mitochondria play additional important roles in regulating intracellular calcium, cytoprotection, and neural plasticity (11) . Thus, mitochondrial function plays an important role in both ''here and now'' synaptic function, as well as long-term structural plasticity-both of which are known to be regulated by glucocorticoids.
In the present study, we therefore sought to determine, in a systematic manner, the effects of both physiologic and pathophysiologic levels of glucocorticoids on various aspects of mitochondrial function. We found that glucocorticoids exert biphasic effects on neuronal mitochondrial function, with low levels potentiating various aspects of mitochondrial function, and chronically high levels attenuating function. These findings have the potential to contribute to a more complete understanding of the mechanisms by which glucocorticoids and chronic stress regulate cellular plasticity and resilience and to inform the future development of improved therapeutics.
significant reduction in mitochondrial oxidation (from 137% to 77%) ( Fig. 1 B, C, and E) . When the ratio of MTR to MTG was used to represent mitochondrial oxidation, the data showed a similar pattern ( Fig. 1 D and F) .
Mitochondrial Membrane Potential Was Modulated by CORT in a Dose-
and Time-Dependent Manner. We also measured mitochondrial membrane potential by JC-1 staining in cultured cortical neurons [10 days in vitro (DIV)] after CORT treatment. We found that mitochondrial membrane potential was significantly increased after 1.5 hr treatment with 100 nM, 500 nM, or 1 M of CORT, and this enhancement was sustained for 1 day (Fig. 2 A, C, and D) . Moreover, 100 nM and 500 nM of CORT continued to increase mitochondrial membrane potential after 3 days of treatment ( Fig.  2 B-D) . However, high-dose CORT (1 M) decreased mitochondrial membrane potential after 3 days (Fig. 2 C and D) . Mitochondria play a key function in buffering intracellular calcium (12) . Therefore, we explored calcium holding capacity after treatment with CORT (100 nM, 1 M) for 1.5 h or 3 days. The dihydrorhod-2 colocalized with the MTG signal showed by confocal image, suggesting that the calcium indicator dyhydrorhod-2 (Rhod-2) was localized in the mitochondria (Fig. 3A) . We calculated Fi/Fo (before and after thapsigargin stimulation), and found that calcium holding capacity was enhanced after 1.5 h of both low-and high-dose CORT treatment. However, after 72 h of treatment with CORT, the low dose showed significantly enhanced mitochondrial holding capacity. High doses of CORT (1 M) reduced the calcium holding capacity of the neurons (Fig. 3 B-D) . Indeed, the regulation of calcium holding capacity correlated with the pattern of Bcl-2 levels in the mitochondria.
The Biphasic Effects of Glucocorticoids on Mitochondrial Function
Were Accompanied by Similar Effects on Neuronal Viability. Because our findings suggested that CORT regulates mitochondrial function in a biphasic manner, we further investigated the impact of this alteration of mitochondrial function on neuronal viability. Cortical neurons (10-12 DIV) were treated with 100 nM or 1 M of CORT for 1 or 3 days. After treatment with various concentrations of CORT, the cortical neurons were challenged with kainic acid (KA) Mitochondrial oxidation has an inverted ''U''-shaped relationship with CORT dose. Cortical neurons (10 -12DIV) were treated with 100 nM, 500 nM, or 1 M CORT for 1 h, 1 day, or 3 days and stained with MTR and MTG. Data were combined from 2-3 independent experiments and presented as mean Ϯ SE (*one-way ANOVA ***P Ͻ 0.001, **P Ͻ 0.05,*P Ͻ 0.01 compared to control; # P Ͻ 0.05 compared to group of 1 M and 72-hr treatment, n ϭ 32-70). (50 M) for 12 h and TUNEL assay was performed to determine cell death. As has been previously demonstrated, KA treatment enhanced apoptosis of cortical neurons (13) . As predicted, we found biphasic effects of CORT on KA-mediated toxicity; 1 day or 3 days of treatment with 100 nM of CORT had significant neuroprotective effects against KA-induced apoptosis. However, 1 day or 3 days of treatment with the higher dose of CORT (1 M) enhanced the apoptotic effects of KA (Fig. 4) .
GRs Translocated to Mitochondria in a Dose-and Time-Dependent
Manner. We sought to determine the mechanism whereby glucocorticoids regulate mitochondrial functions. We postulated that GRs translocate to mitochondria and modulate mitochondrial function in cortical neurons. First, we set out to confirm the purity of the mitochondrial fraction, and found a significant 9-fold enrichment of the 57 kDa mitochondrial protein cytochrome oxidase subunit 1 (COX-1) in the mitochondrial fraction (Fig. S1 A) . When investigating whether the mitochondrial fractions were contaminated by nuclear or cytosol fractions, we found that the levels of both 70 kDa marker nuclear pore protein, and the cytosolic marker glyceraldehyde 3-phosphate dehydrogenase (GADPH), were low in mitochondrial fractions ( Fig. S1 B and C), suggesting that the mitochondrial fraction was not contaminated by nuclear or cytosol fractions. We chose 100 nM, 500 nM, and 1 M of CORT to cover a physiologically and pathologically relevant range in our in vitro experiments. We confirmed that in our experiments, GRs translocated into nucleus in response to CORT (Fig. 5A ). We then systematically characterized the dose-and time-dependence of GR mitochondrial translocation after CORT treatment. Cortical neurons (10 DIV) were treated with a physiological dose (100 nM) and a supraphysiological/pathological dose (1 M) for 1.5, 24, and 72 h. After 1.5 h of treatment, both low-and high-dose CORT enhanced mitochondrial localization of GRs by 130% and 136%, respectively ( Fig. 5 B and C) . However, after long-term treatment (3 days), GR content in mitochondria was reduced to 57% only in neurons treated with high doses of CORT ( Fig. 5 B and C) . In all of the lanes, the molecular weight of the protein band was 97 kDa, corresponding to the reported molecular size of the GR protein. We used subunit specific antibodies-anti-GR␣ and anti-GR␤-to determine the subtype and found that the GR band we recognized was at the same molecular weight as anti-GR␣ antibody (data not shown). The mitochondrial translocation of GRs was further confirmed by double immunostaining and confocal microscopy ( Fig. S2 A and B). Because MRs are also a target for glucocorticoids, we further examined potential mitochondrial translocation of MRs after CORT stimulation. In contrast to the effects observed with GRs, we found that MRs did not translocate into mitochondria (Fig. S3 ).
GRs Formed a Complex with Bcl-2, and Mitochondrial Bcl-2 Levels Were
Regulated by CORT. We thought it possible that GRs bind to and recruit Bcl-2 into mitochondria to regulate mitochondrial function. Indeed, immunoprecipitation with anti-GR antibody-but not the control anti-IGF Ab-was able to pull down Bcl-2 after low-dose (100 nM) and high-dose (1 M) CORT treatment (Fig. 6A) . Coimmunoprecipitation of GRs and Bcl-2 showed that, after CORT treatment for 30 mins, formation of the GR/Bcl-2 complex was significantly enhanced (Fig. 6B) . Previous studies have shown that GRs form protein complexes with heat shock protein 90 (HSP90) after 5 mins of treatment with dexomethasone (14) . We therefore investigated the dynamics of the formation of GR/Bcl-2 complex after 5 mins of treatment. After the neurons were treated with CORT (1 ⌴) for 5 mins, the GR/Bcl-2 complex was significantly decreased in cytosol fraction to 40.3 ϩ 13.9% of the control (paired Student's t test, n ϭ 3, P Ͻ 0.05) and significantly increased in mitochondrial fraction up to 253.7 ϩ 13.7% of the control (paired Student's t test, n ϭ 3, P Ͻ 0.05).
Similar to the GR increase seen in mitochondrial fractions, we found that Bcl-2 levels in the mitochondria were enhanced after 1.5 h with the low (100 nM) and high (1 M) dose of CORT by 146% and 132%, respectively (Fig. 6C ). In the low-dose treatment group, this increase of mitochondrial Bcl-2 was sustained for 72 h by 168%. However, in the high-dose treatment group, Bcl-2 levels in mitochondria were significantly reduced by 68% in cortical neurons after 3 days of treatment (Fig. 6C) . The whole cell expression levels of Bcl-2 did not change after short or long-term treatment, suggesting that the Bcl-2 increase in mitochondria was due to a Bcl-2 translocation into mitochondria in response to CORT treatment (data not shown). We further performed Bcl-2/GR double immunostaining to confirm the interaction of Bcl-2 and GR in response to CORT treatment. We found that after 1 h of treatment with CORT (1 M), the colocalization of GR/Bcl-2 was significantly increased (Fig. S4 ). There were more Bcl-2 (green) puncta in the control group, and these did not colocalize with the GRs (red puncta). After CORT treatment, the number of GR/Bcl-2 colocalized puncta increased (Fig. S4 ).
RU486, a GR Partial Agonist, Inhibited CORT-Induced GR Trafficking to
Mitochondria and Changes in Mitochondrial Function. RU486 is a ligand that acts both as a partial GR agonist and antagonist (15) . To determine whether CORT's effects were mediated through GRs, we investigated whether RU486 blocked CORT-induced mitochondrial translocation of GRs or enhancement of mitochondrial potential. Cortical neurons were treated with CORT 1 M, RU486 (10 M), or CORT plus RU486 for 1.5 h. As expected due to its partial agonistic effects, treatment of the neurons with 10 M RU486 induced a translocation of GRs from cytosol into mitochondria similar to that observed with CORT alone (Fig. 7A) . However, RU486 blocked CORT-induced GR mitochondrial translocation; together, these data show that the effect is mediated through CORT binding to GRs (Fig. 7A) . Next, we determined whether CORT-induced changes in mitochondrial function were altered by the GR inhibitor RU486. As before, RU486 treatment alone significantly increased membrane potential compared to control (Fig. 7B) . However, cotreatment of the cells with 10-fold excess concentrations of RU486 (10 M) and CORT (1 M) resulted in a significant inhibitory effect on the mitochondrial membrane potential compared with CORT 1 M alone (Fig. 7B) . Thus, the antagonistic effects of RU486 were observed for the regulation of membrane potential, as well as for GR translocation to mitochondria, suggesting that these effects were mediated through GRs.
Chronic in Vivo CORT Administration Also Regulated Mitochondrial GR
and Bcl-2 Levels in Rodent Prefrontal Cortex. Finally, we sought to determine whether these in vitro biochemical changes also occurred in vivo. We treated the animals chronically for 21 days with 2 doses of CORT (50 g/ml or 400 g/ml in drinking water) or vehicle. We measured body weights and thymus weights to ensure adequacy of the chronic CORT treatment. The body weights of the animal and the weights of the thymus were indeed significantly lower in the group treated with 400 g/ml of CORT. We found that in the prefrontal cortex, GR levels in mitochondria were significantly decreased by about 30-40% after chronic treatment with high-or low-dose CORT (50 g/ml or 400 g/ml); total cellular levels of GRs remained unchanged (Fig. 8) . In addition, mitochondrial Bcl-2 levels were also significantly reduced by approximately 35% only in the group treated with high-dose CORT (400 g/ml) (Fig. 8) .
Discussion
In this study, we demonstrated for the first time that glucocorticoids exert biphasic effects on neuronal mitochondrial dynamics, with low levels potentiating and chronic high levels attenuating various aspects of mitochondrial function. Overall, the study had 5 key findings: (i) 3 independent mitochondrial measures-mitochondrial oxidation, membrane potential, and calcium holding capacity-demonstrated a biphasic response to glucocorticoids; (ii) the enhancement of mitochondrial function by low-dose CORT was associated with a neuroprotective effect against KA-induced neurotoxicity; in contrast, high-dose CORT enhanced KA neurotoxicity; (iii) GRs translocated into mitochondria in primary cortical neurons in a biphasic relationship with concentrations of CORT as well as time of treatment; (iv) GRs formed a complex with the antiapoptotic protein Bcl-2 and facilitated Bcl-2 translocation into mitochondria. The expression of Bcl-2 in mitochondria also showed a biphasic response to CORT dose and time; and (v) in rodents chronically treated with CORT, GR levels in mitochondria were significantly reduced, with high doses of CORT also reducing mitochondrial Bcl-2 levels.
Glucocorticoids Exert Biphasic Effects on Various Aspects of Neuronal
Mitochondrial Function. We undertook a series of studies to determine if-as hypothesized-the biphasic effects of glucocorticoids on long-term potentiation (LTP) and behavior are accompanied by similar effects on various aspects of critical mitochondrial functions. We found that short-term treatment with low or high doses of CORT enhanced mitochondrial oxidation, mitochondrial potential, and calcium holding capacity; these effects were sustained during longer-term treatment with low-dose CORT. In contrast, reductions in mitochondrial oxidation, mitochondrial potential, and calcium holding capacity were observed after longer-term treatment with high-dose CORT (Figs. 1, 2, and 3) , which may provide a novel molecular mechanism for the biphasic effects of glucocorticoids on animal behavior during chronic stress.
Biphasic Regulation of Mitochondrial Function by Glucocorticoids
Produces Similar Effects on Neuronal Viability. As noted above, glucocorticoids exert biphasic effects on neuronal viability/ resilience with low doses exerting neuroprotective effects but higher doses enhancing neurotoxicity (16, 17) . In view of the critical role of mitochondrial function in regulating neuronal viability/resilience, we investigated the effects of glucocorticoids on KA-induced cell death. Strikingly similar to the effects seen on mitochondrial function, we found that treatment with low-dose CORT had a neuroprotective effect, whereas long-term and high-dose concentrations of CORT enhanced KA-induced neurotoxicity. In addition to triggering calcium increases in these cells, CORT also induces gene expression and other nongenomic effects (e.g., changing ERK and mitochondrial functions) (18) , which may help to potentiate or prevent the apoptosis induced by other insults (i.e., KA). Together, the data suggest that regulation of mitochondrial function may play an important role in the biphasic effects of glucocorticoids on neuronal viability.
Regulation of Mitochondrial Function by CORT Is Mediated Through
GRs. To confirm that the effects of glucocorticoids were indeed mediated by GRs, we used the well-known GR partial agonist/ antagonist, RU486 (19) . In many tissues, RU486 exerts partial agonistic effects, while blocking the effects of glucocorticoids. Indeed, RU486-induced nuclear GR translocation has also been previously demonstrated (20) . In this study, RU486 clearly had partial agonist and antagonist effects on CORT's effects on mitochondrial GR translocation and mitochondrial membrane potential (Fig. 7) . Therefore, the effects of GR translocation on mitochondria and regulation of mitochondrial potential do indeed appear to be mediated through GRs.
CORT Regulates Mitochondrial GR and Bcl-2 Levels in a Biphasic
Manner. As noted above, glucocorticoids exert biphasic concentration/time-dependent effects on various aspects of synaptic and neural function. However, the mechanism(s) underlying these complex effects have not been fully elucidated. Cortisol concentrations in normal human serum vary from 137 nM to 283 nM (7.5 Ϯ 2.6 g/dl) (21); pathophysiologic states have been associated with elevated levels in the 420-779 nM (21.4ϩ/Ϫ6.4 g/dl) range (22) . Therefore, we chose 100 nM, 500 nM, and 1 M of CORT to represent both physiologic and pathophysiologic levels of cortisol. For the CORT treatment of cortical neurons, we used neurobasal medium, which does not contain cortisol binding globulin (CBG). Therefore, free CORT may be as high as 100 nM, 500 nM, and 1 M. Because of CBG in serum, the free concentrations in vivo in the brain might be in the range of the lowest concentration (100 nM) used here. Our study intentionally investigated the effects of very high concentrations and, indeed, we found the biphasic effect that leads to cytotoxicity. Whether or not this happens in vivo under stress conditions remains unclear. However, the in vivo data showed that both low and high doses (50 g/ml or 400 g/ml) of CORT in drinking water reduced GRs in mitochondria with a biphasic time course, whereas only the highest, clearly supraphysiological, doses reduced Bcl-2 levels in the mitochondria.
The expression of the major cytoprotective protein, Bcl-2, is known to reduce reactive oxygen species (ROS) production, thus preventing permeability transition pore opening, and mitochondrial depolarization (23) . Studies of isolated mitochondria have shown that Bcl-2 overexpression increases mitochondrial calcium uptake capacity (24) , making the cells resistant to the deleterious influence of elevated intracellular calcium. Thus, Bcl-2 exerts significant effects on cellular calcium buffering, not only under the extreme conditions of calcium-induced apoptosis, but likely even during normal synaptic activity. This report is the first to show that GRs interact with Bcl-2 and translocate into mitochondria in response to CORT, thus regulating mitochondrial functions (vide infra; Figs. 5 and 6).
GR and Bcl-2 Levels in Mitochondria Were Decreased after Chronic
Treatment with CORT in Vivo. Our in vitro studies demonstrated that long-term and high-dose treatment with CORT down-regulated GR and Bcl-2 levels in mitochondria (Figs. 5 and 6 ), as well as mitochondrial function (Figs. 1, 2, and 3 ). As expected, we found that chronic treatment with high-dose and low-dose glucocorticoids attenuated prefrontal cortical mitochondrial GR levels. Most importantly, anti-apoptotic mitochondrial Bcl-2 levels were reduced after high-dose and chronic treatment with glucocorticoids in the mitochondrial fractions, suggesting an alteration of mitochondrial functions (Figs. 4 and 8) . This reduction in anti-apoptotic mitochondrial Bcl-2 levels by glucocorticoids is consistent with previous in vivo findings that glucocorticoids potentiated the KA-and ischemia-induced injury to neurons (25, 26) .
Conclusion
In conclusion, this study demonstrates for the first time that glucocorticoids exert major, biphasic effects on various facets of cortical mitochondrial dynamics. In addition to regulating mitochondrial activities, there may well be other mechanisms operative in the biphasic effects that glucocorticoids exert on Western blot analysis of GR and Bcl-2 levels was performed in total homogenates (T) and mitochondrial fractions (M) from prefrontal cortex of CORT (50 g/ml, 400 g/ml)-treated animals. Western blot analysis of GR and Bcl-2 content was performed in total homogenates (T) and mitochondrial (M) fractions from prefrontal cortex. Data are presented as mean Ϯ SE. (A) Thymus weights in CORT-treated animals (n ϭ 8 animals per group; **one-way ANOVA, P Ͻ 0.01). (B) Body weights of CORT-treated animals (n ϭ 8 animals per group, one-way ANOVA, ** P Ͻ 0.01) (C) Chronic CORT treatment significantly reduced mitochondrial GR and Bcl-2 levels (Control group n ϭ 12-15; CORT 50 g/ml, n ϭ 8; CORT 400 g/ml, n ϭ 12-15, *one-way ANOVA, P Ͻ 0.05) neuronal function. For instance, concentration-dependent effects of glucocorticoids on MRs and GRs may explain the biphasic effects of glucocorticoids on hippocampal function (27) . Consistent with the findings presented here, recent work has shown that glucocorticoid-mediated cell death was counteracted by the MR agonist aldosterone (27) . It is possible that under low concentrations of CORT, both MRs and GRs mediate neuroprotective effects via different mechanisms. While the different effects of glucocorticoids on MRs and GRs are undoubtedly important for various neural functions, the dynamic regulation of mitochondrial function by glucocorticoids provides new evidence to explain the biphasic effects of glucocorticoids on various neural functions. Indeed, the regulation of mitochondrial dynamics that we observed during chronic high-dose glucocorticoid administration appears to represent an important component of the allostatic overload observed as a pathological consequence of chronic stress (1, 7) . The possibility that agents that enhance mitochondrial function may be useful in countering the deleterious effects of excessive glucocorticoid secretion observed in diverse conditions is an exciting prospect for future investigation.
Materials and Methods
Preparation of Cortical Neuronal Cultures. Cultures of cortical neurons were prepared according to a previously published procedure with minor modifications (28) . Detailed methods are provided in the SI. In Situ Cell Death Detection Assay. We used the kit from Roche to detect and quantify apoptosis at the single cell level based on labeling of DNA strand breaks (TUNEL assay) according to the manufacturer's instructions. Detailed methods are provided in the SI.
Preparation of Mitochondrial
Fractions from Cortical Neurons. Preparation of mitochondrial fractions from cortical neurons followed a previously published procedure with minor modifications (29) . Detailed methods are provided in the SI.
Western Blot Analysis. Protein concentrations were determined by using the BCA protein assay kit (Pierce, Rockford, IL). Western blot analysis was similar to a previously published procedure with minor modifications (29, 30) . Detailed methods are provided in the SI.
CORT Treatment. All animal treatments, procedures, and care were approved by the NIMH Animal Care and Use Committee and followed the Guide for the Care and Use of Laboratory Animals (31) . Animal treatment was similar to a previously published procedure with minor modifications (29, 32) . Detailed methods are provided in the SI.
Preparation of Mitochondrial Fraction from Brain
Tissue. Preparation of mitochondrial fractions from rat brain tissue was similar to a previously published procedure with minor modifications (33) . Detailed methods are provided in the SI.
